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The effects of garama irradiation on the clay mineral kaolinite 
were observed through (l) changes in the kaolinite nb/3-crystallinity^, 
as ascertained by measures of nb/3 shifting, and (2) the kinetics of 
the kaolinite-mullite transformation, in relation both to reaction rate 
and to quantity of mullite formed. 
Three kaolinites with varying degrees of nb/3-crystallinity were 
irradiated by 0.6T mev gamma-rays from a Ce -̂i source. The effect of the 
various dosages on the crystallinity of each kaolinite was determined to 
be as follows: (l) for doses up to IQ-̂ êv/gm (ferrous ion solution) a 
slight improvement of the nb/3-Grystallinity was observed, and (2) the 
nb/3-crystallinity decreased progressively with increasing dosage greater 
than -10 -̂ ev/gm. The probable mechanism producing this radiation damage 
(nb/3-crystallinity change) was random nb/3 Al ion movement (induced by 
Compton electrons). 
The use of gamma radiation provided an attractive method of deter-
mining virtually only the effect of nb/3-crystallinity on the formation 
of mullite, as the effects of most other variables (such as impurity con-
tent) were essentially held constant. By means of high temperature X-ray 
diffractometry it was ascertained that, on firing, the clays irradiated 
with doses up to 10-̂ -̂ ev/gm developed a mullite content approximately 5 
* This rather cumbersome term is advanced to avoid the ambiguities 
which arise from the common practice of using the less specific expres-
sion, crystallinity, for the same purpose. 
VI1 
per cent greater than that developed in the unirradiated clay, This mild 
i r rad ia t ion also increased the mullite formation rate» For those samples 
in which the nb /3-crys ta l l in i ty was lowered by doses in excess of 10-^ev/ 
gm, X-ray diffractometry indicated a range of 1 to 15 per cent decrease 
in f inal mullite content, and a decreased formation ra te (below that of 
the unirradiated clay) , 
The observed reversal in the dependence of mullite content and 
formation k ine t ics on radiation dosage i s interpreted as being caused by 
the action of two competing processes: (1) gamma-ray induced increases 
in l a t t i c e energy through production of point defects , and (2) lowering 
of the nb /3-c rys ta l l in i ty by nb/3 shif t ing of Al ions (with l i t t l e or no 
accompanying increase in l a t t i c e energy re la t ive to mullite formation). 
The f i r s t effect tends to enhance mullite formation; the second retards 
i t o The f i r s t effect i s probably the predominant one for doses up to 
lO^^ev/gm; the nb /3-c rys ta l l in i ty effect becomes dominant for larger 
doses. 
The dependence of the growth ra te and of the quantity formed on 
the disordering of the Al ions (or decrease in c ry s t a l l i n i t y ) due 
to high i r radiat ion-doses appears to const i tute evidence that preferen-
t i a l l y oriented mullite growth from kaol ini te i s energet ical ly favored 




Forming at temperatures in excess of QOO^C, mullite is the 
crystalline end product of kaolinite thermal decomposition. Interlock-
ing mullite crystals and mullite solid solutions are the prime contribu-
tors to clayware strength and heat resistance. 
Mullite formation from kaolinite (kaolin) is dependent upon seve-
ral factors a The primary factors include the type and concentration of 
impurities present» the crystallinity of the parent kaolin, and the ka-
olin grain size, 
The purpose cf this work was to determine the effects of exposure 
of kaolinite to gamma-rays on: (1) the kaolinite crystallinity as ascer-
tained by measures of nb/3 shifting, and (2) the kinetics of mullite 
formation in relation both to growth rates and to quantity formedo 
CHAPTER II 
REVIEW OF LITERATURE 
Kaolinite and Radiation Damage 
Kaolinite Structure 
Kaolinite is represented chemically as AlgOo • 2Si02 * 2H2O. 
Brindley (l) states that kaolinite is triclinic with axial dimensions 
of 1 = 5.16 A, b = 8.97 A, ̂  = 7.38 A, a = 91.8°, 3 = 10^.5°, Y = 90°. 
Structurally, kaolinite consists of two parallel layers alter-
nately stacked one above the other, as shown in Fig. 1 (after Grim (2)). 
The first layer consists of silica tetrahedra arranged in a continuous 
series of ring structures; the second consists of alumina octahedra, in 
which hydroxyl ions occupy all of the anion sites in the unshared level 
and occur at intervals of b/3. In the level of octahedral-tetrahedral 
conjunction only one-third of the anion sites are hydroxyl, the remainder 
are oxygen. For kaolinite to maintain electrical neutrality, only two-
thirds of the crystal aluminum sites are occupied. Ideally the occupied 
Al sites have a continuous hexagonal structure in the _a and _b directions. 
In actuality some randomness in the distribution of Al ions among octa-
hedral positions usually exists. 
Kaolinite Crystallinity and Radiation Damage 
The crystallinity of kaolinite is generally considered a measure 1 
i 
of structural order. Disorders such as random layer displacements,' 
foreign ion substitutions, ionic displacements^ interlayer water, etc„, 
lower crystallinity„ The term nb/3-crystallinity is here applied to a 
specific type of order, destruction of which occurs by either of two 
crystallographically equivalent mechanisms •, (1) shifts of entire kao-
linite alumina layers by intervals of magnitude nb/Sj as proposed by 
Brindley (3), and/or (2) shifts of individual aluminum ions along b (or 
120° on either side) into vacant lattice sites. 
The effect of nb/3 layer shifting is shown in Fig., 2o In a per-
fectly crystallized kaolinite, the atoms of layer A lie above those of 
layer B (with the inclination of the c - axis). In the shift shown n = 
1), it is evident the atoms of layer B are no longer below those of layer 
A, but must move 2b/3 units to the right or one b/3 units to the left 
before the layers are again aligned. The electrical balance of the crys-
tal is not upset during the shift because displacements of nb/3 do not 
alter the near neighbor relation between layerso Kaolinite layer shift-
ing, though common in nature, is an improbable effect of gamma-irradia-
tion because of the energy requirements involved^ 
Displacements of individual aluminum ions may be due to any one of 
several mechanisms,, These include ion displacements due to gamma-ray 
collision, Compton electrons, and the electron excitation (and energy 
dissipation) method proposed by Seitz (4). For 0,67 mev gamma-rays in-
cident on aluminum,J the Compton electron mechanism is more likely because 
the Compton process cross-section is more than 400 times that for the 
photoelectric process » 
Indications of the degree of nb/3-crystallinity can be obtained 






Figure 1. Crystal Structure of Kaolinite. 
LAYER"A" 
LAYER" B" 
Figure 2. Effect of nb/S Shifting. 
of n b / 3 - c r y s t a l l i n i t y t o the follovTing po in t s of a d i f f r ac tomete r t r a c e : 
(1) s l i g h t i nc reases in the ba sa l spacing ( p a r t i c u l a r l y the (001) r e f l e c -
t i o n s ) , (2) r e s o l u t i o n of the c lose ly spaced r e f l e c t i o n s , (3) d e f i n i t i o n 
of the r e f l e c t i o n s , and (4) number of r e f l e c t i o n s . Kao l in i t e s with high 
n b / 3 - c r y s t a l l i n i t y tend t o have more r e f l e c t i o n s than do those of poorer 
n b / 3 - c r y s t a l l i n i t y o The poorly defined or d i f fuse r e f l e c t i o n s obseri^ed 
on the d i f f r a c t i o n p a t t e r n s cf poorly n b / 3 - c r y s t a l l i z e d k a o l i n i t e s may 
be r e l a t e d t o Al ion movement. Di f f rac t ion p a t t e r n s of we l l and poorly 
n b / 3 - c r y s t a l l i z e d k a o l i n i t e s may be seen in F ig s , 3 and 4, Brindley (6) 
has po in ted out t h a t when nb/3 displacements occur^ the (hk l ) r e f l e c t i o n s 
for which, k f 3n appear t o be weakened or completely missing , A marked 
assymetry due t o two-dimensional c h a r a c t e r in the d i f f r a c t i o n p a t t e r n 
a l s o develops in the r e f l e c t i o n s , 
Johns and Murray (7) have devised an n b / 3 - c r y s t a l l i n i t y index for 
k a o l i n i t e based upon the r a t i o of the (021)/(060) r e f l e c t i o n i n t e n s i t i e s 
of X-ray d i f f r a c t i o n p a t t e r n s . The (021) r e f l e c t i o n i s a f f ec t ed by nb /3 
s h i f t i n g of the Al i o n s ; the (060) i s not,, The r a t i o v a r i e s from 0„0 
for poorly n b / 3 - c r y s t a l i i z e d k a o l i n i t e t o 1,0 (o r s l i g h t l y more) for a 
wel l n b / 3 - c r y s t a l l i z e d one. 
The Formation of Mul l i t e 
K a o l i n i t e - M u l l i t e Reaction Ser ies 
Kao l in i t e c r y s t a l s undergo s t r u c t u r a l changes upon dehydra t ion . 
Observations by Brindley and Nakahira (8) i n d i c a t e t h a t the phase t r a n s -
formation begins in the v i c i n i t y of '470'^C; the r e a c t i o n proceeds as 







































































































Al203'2Si02''2H20 + heat ^ Al20^«2Si02 + 2H2O (1) 
(kaolinite) (metakaolin) 
The regularity in the a_ and b̂  directions of the kaolinite is carried for-
ward to this transition phase.,, Periodicity in the c_ dimension disappears 
upon the removal of the (OH) ions „ The coordination of the alumiinum ions 
becomes tetrahedral,, 
Continued heating of the metakaolin phase produces a second phase 
transformation: . 
(925°C) 
(metakaolin) (spinel phase) (cristobalite) 
2Al203-4Si02 - 2Al20^-3Si02 + Si02 (2) 
The important feature of the spinel phase (cubic) is the restoration of 
the c_ - axis periodicity (particularly with respect to the Al ions). The 
aluminum ions are octahedrally coordinated and form continuous chains 
parallel to the kaolinite D„ The presence of cristobalite does not 
usually become evident on the X-ray diffractometer patterns below lOOO'̂ C,, 
Mullite, the final stage in the kaolinite-mullite reaction series, 
forms as follows: 
2Al2a3«3Si0 2 -̂ 2Al203'2Si02 + Si02 (3) 
975°C) 
•*-
(spinel phase) (sillimanite) (cristobalite) 
(1050°C) 
3Al203-3SiO > 3Al203«2Si02 + Si02 
(sillimanite) (mullite) (cristobalite) 
As reported by Brindley and Nakahira (9); the mullite structure is ortho-
0 0 0 
rhombic, with axial dimensions of _a = 7»5^ A, h = J .6'^ A, _c = 2.88 A. 
The alumina octahedra, linked together through edge-sharing, form chains 
parallel to the mullite _c axis. The alumina chains are aligned "paral-
lel to the 110 axis of the spinel or parallel to the b - axis of the 
original kaolinite" (lO). The chains are bound together through lateral 
cross-linkage of alternating silica and alumina tetrahedra into three 
dimensional alignment with surrounding chains. For the present study 
the most important feature is that the alignment of the Al ions in the 
_c direction is carried forward from the kaolinite phase. The general 
alignment is row-like in mullite formed from well nb/3-crystallized kao-
linite. Clays of poor nb/3-crystallinity show poor row formation due 
to nb/3 shifting (ll). 
The exact position of each ion in the mullite unit cell has not 
been accurately determined. The structure is known to be similar to that 
of sillimanite. However in mullite, half of the sillimanite silicon 
ions have been replaced with aluminum. At temperatures below l400°C the 
structure is classed as a defect structure, due to the random positioning 
of excess silicon ions in interstitial sites of the mullite lattice. The 
mullite structure proposed by Durovic (l2) is shown in Fig, 5. 
The characteristics and extent of the mullite formation have been 
shown to be dependent upon several factors. Parmalee and Rodriquez (13) 
have shown that certain metallic ions (especially Fe, Zn, Mg, and Li) act 
as growth catalysts, while some alkali ions (principally Na and K ) tend to 
hinder the transformation. Johns (l4) indicates there is a relationship 





ALUMINUM AND SILICON IONS ARE SHOWN ONLY IN 
FRONTAL POLYHEDRA 
Figure 5* Crystal Structure of Mullite. 
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of the kaolinite. Other investigators (15) indicate that the mullite 
crystal size is related to the kaolinite particle size, as might be ex-
pected if the mullite formation were essentially a surface phenomenon. 
Mullite Preferred Orientation 
Misalignment of the octahedral chains appears to have a pronounced 
effect on the degree of preferred orientation of the mullite crystals. 
Mullite growth, according to Comerfero, Fischer, and Bradley (16) appears 
to take place along AI2O3 octahedral chains possessing few random trans-
lations. Electron microscope studies by Comer indicate that preferred 
orientation may be somewhat related to "reaction product flow." He 
defines this term as "partial disintegration and loss of crystal bound-
aries in the 'reaction product' phase, presumably by diffusion" (l?)' 
Such flow is usually confined to small-sized, poorly nb/S-crystallized 
particles. 
X-ray diffraction patterns generally do not indicate mullite ori'-̂  
entation. This is probably because "mullite is oriented in three direc-
tions at 120° to each other, and in the relatively large volume examined 
with X-rays the mosaic character of the material gives a considerable 
angular spread to each of these directions" (18). 
12 
CHAPTER I I I 
PROCEDURE 
Three k a o l i n i t e s of e x c e l l e n t , medium, and p o o r n b / 3 - c r y s t a l l i n i t y 
were i r r a d i a t e d by 0 .667 mev gamma-rays„ The e f f e c t o f v a r i o u s r a d i a t i o n 
dosages on t h e n b / 3 - c r y s t a l l i n i t y of each was d e t e r m i n e d by X-ray d i f -
f r a c t i o n . 
M u l l i t e growth k i n e t i c s o f each k a o l i n i t e was s t u d i e d w i t h a h i g h 
t e m p e r a t u r e X-ray d i f f r a c t o m e t e r . E l e c t r o n m i c r o g r a p h s of f i r e d s ample s 
were made t o s t u d y m u l l i t e c r y s t a l l i t e s i z e and p r e f e r r e d o r i e n t a t i o n » 
Specimen C h a r a c t e r i z a t i o n 
K a o l i n i t e D e s c r i p t i o n 
Samples of k a o l i n i t e o f e x c e l l e n t , medium, and p o o r n b / 3 - c r y s t a l -
l i n i t y were o b t a i n e d from Twiggs Coun ty , G e o r g i a . T h e i r d e s c r i p t i o n s a r e 
a s f o l l o w s : ( 1 ) " G e o r g i a K a o l i n , " a r a w , u n p r o c e s s e d c l a y ( f rom G e o r g i a 
K a o l i n Company), w i t h e x c e l l e n t n b / 3 - c r y s t a l l i n i t y , and 15 w e i g h t p e r 
c e n t of i t s p a r t i c l e s l e s s t h a n 2 m i c r o n s ; ( 2 ) J„ Mo Huber C o r p o r a t i o n ' s 
" D e g r i t t e d C r u d e " k a o l i n i t e , a c l a y of medium n b / 3 - c r y s t a l l i n i t y w i t h 60 
t o 6 8 w e i g h t p e r c e n t of i t s p a r t i c l e s l e s s t h a n 2 m i c r o n s ; and ( 3 ) 
"CWF" ( p r o d u c e d by J , Mo Huber C o r p o r a t i o n ) , a p o o r l y n b / 3 - c r y s t a l l i z e d 
f i l l e r c l a y , w i t h 25 t o 40 w e igh t p e r c e n t o f t h e p a r t i c l e s l e s s t h a n 2 
mic rons 0 The s p e c i f i c g r a v i t y of each c l a y was 2„6o G r a i n s i z e d i s t r i -
b u t i o n of each c l a y i s shown i n Appendix A„ 
13 
Electrodialysis Process 
The three kaolinite samples were electrodialyzed to replace ex-
change site cations (metal) with hydrogen ionSo The clay to be dialyzed 
was made into a slurry containing 30 per cent clay by weight, and was 
placed in the sample section of the dialysis cell (Figo 6)„ When the 
electric circuit to the cell was completed, ions moved through the solu-
tions between the electrodes» Hydrogen ions produced by the water ioni-
zation replaced the metal cations on the clay particle surfaces. The 
metal cations migrated toward the cathode; solution anions m.oved toward 
the anode„ The current flow in the system (shown by a milliammeter) in-
dicated the degree of ion movement,, The water in the electrode compart-
ments was changed at frequent intervals, as high ion concentration about 
the electrodes tended to retard current flow., When the electric current 
had dropped to a minimum, the cation exchange was considered to have ef-
fectively ended. The replacement process is never complete, as some 
metal cations are tightly bound within the lattice. 
The dried, dialyzed samples were screened through a U, S„ No„ 325 
mesh screen „ Samples of the screened and unscreened kaolinires were 
compared by standard optical emmission spectrographic methods for their 
metal content,, No increase in the metal content was observed due to 
screening <, 
Fluorescence Analysis 
An X-ray Fluorescence Analysis was made of the impurity content 
of each kaolinite, using a General Electric XRD-5 D/F X-ray unit, A 
chromium target X-ray tube and a helium path were used for the deter-
mination of elements between Z =13 (Al) and Z - 22 (Ti). Elements be-
14 
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Figure 6. Electrodialysls Cell Schematic. 
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tween Z = 22 (Ti) and Z = 56 (Ba) were determined with a Pt target X-ray 
tube. Both EDT and LiF analysing crystals (with the faces cut parallel 
to the (200) plane) were used. Single wavelength fluorescent radiation 
was reflected from the crystal Bragg planes at angle G, and was recorded 
by the counter at a corresponding 20 value. Soller slits of O.OO5 inches 
were used to eliminate divergent fluorescent radiation. A preliminary 
investigation was made using plexiglass in the sample carrier in order 
to determine the spectrum emitted by the tube alone. 
To determine approximate impurity concentrations, the fluorescent 
intensities of the observed impurities were compared with similar fluo-
rescence from prepared standards. The standards contained additions of 
the impurities observed (in the oxide form) in known increments. Five 
standards were prepared for each of the listed impurities (Table l) 
from a kaolin of known composition. The range of impurity additions 
varied from about 0.2 per cent to 1.0 per cent. 
Table 1. X-Ray Fluorescence Analysis for Metal Impurities 
(After Electrodialysis) in Kaolinite 








Zr 0.2 0.2 0.25 
Fe O.T 0.9 . 0.8 






1̂.1 1.25 1.0 
TOTAL 2.05 2.45 2.20 
l6 
Mineral Impurity Analysis 
Nacrite^ dickite, and montomorillonite are clay mineral impurities 
common in kaolin. The diffraction patterns of the three unirradiated 
kaolin were closely scrutinized for reflections which indicated the 
presence of thfese minerals. No nacrite, dickite, or montmorillonite 
was found. 
The ethylene glycol test was also conducted for the presence of 
montmorillonite, as the presence of this mineral, even in amounts less 
than apparent from standard diffractometer techniques, would affect fur-* 
ther test results. In this test the basal spacings (as indicated by a 
diffraction pattern) of an ethylene glycol saturated kaolin sample were 
compared with the spacings from an unsaturated sample. Ethylene glycol 
is readily absorbed into montmorillonite, where it expands the lattice,, 
with correspondent shifting of the basal spacing. Such shifts would be 
apparent in the pattern, even if small amounts of montmorillonite were 
present. The test revealed no montmorillonite. 
Gamma-Ray Irradiation 
Samples of each kaolinite were irradiated with O.67 mev gamma-
rays. The radiation source was a Notre Dame type, Cesium-13T research 
irradiator, (rating-12,000 Curies) located on the campus of the Georgia 
Institute of Technology. A vertical intensity gradient existed in the 
center hole of the irradiator, with the exception of a three-inch long 
region with a constant dose rate of T«5 x lO-'-̂ ev/gm/hr to ferrous ion 
dosimetry solution (the dosimeter solution was 0.01 N (FeNHi|.)2(S02) and 
0.8 N H2SO4 (19). 
A thin-walled aluminum container was constructed to hold a kao-
17 
Unite sample in the center hole region of constant dosage„ The sample 
was packed with a bulk density of 0,66 gm/cco The irradiation times and 
corresponding nominal dosages (assuming the absorption of the kaolinite 
to be the same as that of the dosimetry solution) are shown in Table 2„ 
Since the gamma-ray absorption of aluminum is relatively low, it 
was assumed that the aluminum holder did not affect the dosage absorbed 
by the kaolinite <. Each sample was checked for radioactivity immediately 
upon removal from the irradiator. None was detected^ 
Table 2= Irradiation Dosages 
Time in Irradiator Nominal Dosage Received*'* (ev/gm/hr) 
1 Minute 1.5 x 10^^ 
10 Minutes lo5 x 10^^ 
100 Minutes 1 „5 x 10^0 
1000 Minutes 1„5 x 10̂ '̂  
10,000 Minutes 1.5 x 10^2 
'« Assuming the absorption of kaolinite to be the same as that of 
a ferrous ion dosimeter solution. This assumption is probably valid 
within an order of magnitude. 
Data Collection 
nb/3-Crystallinity Determinations 
X-Ray diffraction examinations with a Norelco diffractometer were 
made of each kaolinite sample. The nb/3-crystallinity index of each was 
18 
determined by the method of Johns and Murray (20). The index was ex-
pressed by the ratio of the (02l)/(o6o) reflection intensities (expressed 
as integrated peak areas). The radiation effects on nb/3-crystallinity • 
are shown in Table 3 and Fig. J. • 
i 
An attempt was made to detect any annealing effect due to irradia- ! 
tor temperature (6o C). Samples of unirradiated and 10 ^ev irradiated ( 
medium and poorly nb/S-crystallized clays were heated to 60°C for 30 
minutes. No change in the nb/3-crystallinity index was observed. 
High Temperature Examinations 
High temperature examinations were made to determine the quanti-
ties of mullite formed and the rates of mullite growth. Examinations 
were made with a high temperature attachment to the Norelco X-ray dif-
fract ometer unit; as diagrammed in Fig. 8. 
The electric furnace of the unit was constructed from a 3*0 inch 
by 2.5 inch fused silica block, with seven 1.75 inch long, 22 gauge kan-
thal wire coils (0.25 inches in diameter) as heating elements. The kan-
thal coils were wound about zircon rods for support. Openings were 
made in each end of the furnace so that the furnace wall would not inter-
fere with the passage of X-ray beams. The temperature was measured with 
a Pt-Pt(l3/^) Rh thermocouple nearly in contact with the X-rayed surface 
of the sample, and was controlled with a Wheelco kok controller, or with 
manual operation of the autotransformer, or both. Since no color dif-
ference between the sample surface and the thermocouple junction could 
be observed with an optical pyrometer, the surface temperature differed 
from the thermocouple junction temperature by less than 10°C. 
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Table 3 , n b / 3 - C r y s t a l l i n i t y Index Determinations 








( P o o r l y n b / 3 - C r y s t a l l i z e d ) 
U n i r r a d i a t e d 
lo5 X lO^^ev 
1.5 X 10^^ev 
1.5 X lO^Oev 
l o 5 X lO^^ev 
l o 5 X 10^^ey 
U n i r r a d i a t e d 
1.5 X 10^^ev 
1.5 X 10^^ev 
1=5 X lO^^ev 
1.5 X l O ^ ' ^ v 
l o 5 X 1022ev 
U n i r r a d i a t e d 
1.-.5 X 10 ^^ev 
1„5 X 10^'^ev 
1:5 X lO^Oev 
1„5 X lO^^ev 
1.5 X 10 22ev 
0 ,55 
0 ,57 
0 . 6 1 
0 .55 
0 . 5 3 
0 . 5 3 
0 .29 
0 . 3 1 




0 , 2^ 
0 ,26 




The s t a n d a r d d e v i a t i o n of t h e n b / 3 - c r y s t a l l i n i t y i n d e x v a l u e s 
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The spread cf the X-ray beam over a sample in t he furance was 1,3 
cmo at 26„05° 20 ( the m u l l i t e r e f l e c t i o n p o s i t i o n ) „ The furnace thermal 
g r ad i en t over t h i s same area was approximaTely 8° C/cm as measured by an 
o p t i c a l pyrometer^ The c o n t r o l l e r a t t ached t o t h i s furnace was c o n s i s t -
e n t l y s t a b i l i z e d t o wi th in ±10°C„ The e r r o r in measuring the temperature 
d i f f e r e n t i a l between any two temperatures was approximately -5*^Cj as i s 
shown in Appendix Be 
Each k a o l i n i t e sample was packed loose ly i n t o a Pt disho (Dense 
packing caused excess ive sample buck l ing , from thermal expansion, which 
i n t e r f e r r e d with the X-ray beam), The sample ho lder vras a l igned h o r i -
z o n t a l l y on the cen te r l i n e between the S o l l e r s l i t s and the coun te r , 
and on the cen t e r l i n e through the goniometer„ To a l ign the ho lder 
v e r t i c a l l y , the counter was s e t a t 0̂ - 28 and the X-ray tube vo l tage 
r a i s e d from minimum u n t i l a nea r ly f u l l s ca l e r e f l e c t i o n was shown on 
the recorder. , The sample was f i r s t r a i s e d v e r t i c a l l y i n the beam u n t i l 
the i n t e n s i t y dropped t o one-ha l f the f u l l i n t e n s i t y . I t was then 
"rocked" about the goniometer ax is u n t i l the recorded i n t e n s i t y was 
maximized., The sample was then dropped out of the beams snd xhen r a i s e d 
v e r t i c a l l y u n t i l the recorded i n t e n s i t y was exac t ly one-ha l f the i n t e n -
s i t y when the sample was out of the beamo Thus the top sur face of the 
sample was p a r a l l e l t o and a t the same he igh t as the X-ray beam c e n t e r 
l ine , , The f i n a l p o r t i o n s of t h i s alignment procedure were repea ted a t 
temperatureo 
A f u r t h e r alignment check was made with the k a o l i n i t e (200) r e -
f l e c t i o n o I f the p o s i t i o n of t h i s r e f l e c t i o n was a l t e r e d or the i n t e n -








was assumed to be poorly aligned on the beam center line. In such cases 
the sample was realigned. The temperature of the sample was raised rap-
idly (within approximately ten minutes) from room temperature to the 
examination temperature. Three examination temperatures were used: 
1100°C, 1150°C, and 1200°C. The proportional counter of the diffrac-
tometer oscillated with an angular range 2.5° (20) to either side of the 
mullite-sillimanite reflection pair. The main mullite reflection, the 
(210), occurred at 26.05°^ the sillimanite reflection at 25.5°. The 
recorded diffraction patterns indicated the degree of mullite growth 
through reflection intensity changes. The growth was considered to have 
ended when no intensity increase of the mullite reflection was observed 
after 45 minutes to 1 hour from the time maximum intensity was reached. 
When the high temperature examination was complete, the sample 
was cooled in place. The main mullite and sillimanite peaks were then 
rescanned to facilitate calculation of temperature effects on intensity 
for the particular sample.. 
The machine conditions were checked periodically. The X-ray tube 
current and voltage were reset prior to testing each specimen. The PHA 
(pulse height analyser) was reset at 90 per cent transmission before 
examination. The alignment was checked periodically by checking the 2© 
position of reflections from a silicon standard. A fluorescent screen 
was used to check the centering of the X-ray beam. A standard intensity 
check was made daily of the silicon standard main reflection. 
One irradiated clay was independently examined five times at each 
temperature for reproducibility determinations. The intensity variations 
were due to sample alignment, diffractometer operation, and particle 
2î  
preferred orientation (minimized by careful packing). A deviation of I 
5 per cent was found in the early stages of firing and 3 per cent in the 
final stages (Appendix B ) . 
Analytical Procedures 
Reaction Product Growth ..,- ^ . 
A sample of essentially 100 per cent mullite was obtained from '. 
I 
I 
the Norton Company for use as a standard in mullite formation calcula- | 
tions. The sample was ground and screened through a U. S. No. 325 mesh I 
I 
screen. A sample of cristobalite was similarly prepared. The samples i 
were mixed in a mullite-cristobalite ratio of 63.6 per cent mullite to 
36.4 per cent cristobalite by weight. This is the theoretical ratio at ^ 
which mullite and cristobalite are produced by the kaolinite-mullite j 
transformation. I 
An X-ray diffraction pattern was made of the standard before each 1 
I 
high temperature examination. This produced an effective method of in- | 
i 
troducing a machine condition control into succeeding calculations. i 
f 
I 
The per cent mullite (at any time) in the sample was calculated 
from the diffraction patterns by the following equation: 
M^ = (itAs)F X 100/0 (5) 
where Mt = Per cent mullite present at time t. 
It = Integrated area of the sample reflection at time t. 
Is = Integrated area of the standard reflection (concurrently run). 
F = Correction factor for temperature effect on intensity. This 
25 
factor is equal to the ratio A^/A^ (where A^ = integrated 
area of the room temperature reflection, A^ - average in-
tegrated area of final mullite peaks--when growth is complete). 
The percentages so obtained (Tables h through 6, Appendix C) 
actually reflect the amounts of mullite plus sillimanite present, as the 
reflection areas of the two overlapped in the basal portions of the X-
ray pattern, and could not be resolved. The relative magnitude of the 
observed sillimanite and mullite peak areas (though unresolved) indicates 
that sillimanite is the predominant phase at 1100 C, and that mullite is 
the predominant phase at 1200 C. This effect is illustrated in Figure 
9. 
The sillimanite-mullite growth is shown graphically in Figures 10 
A, B, and C. In the interest of clarity, not all of the experimental 
points are shown. The experimental values are presented in Tables h-G 
(Appendix C). 
Mullite Activation Energy 
Attempts were made to determine the mullite activation energy both 
by graphical methods and by computer programming of the decay product 
equation (third order). Both attempts were unsuccessful. Discussion 
of these methods is presented in Appendix D. 
Mullite Crystallite Size and Microstrain 
The width of the examined mullite reflection is due to several 
simultaneous causes, perhaps the most interesting of which are micro-
strain and crystallite size. (Microstrain is the term applied to strain 
which varies on a scale small compared to the particle size.) Diffrac-
tion peak broadening increases with strain. Diffraction peaks are also 
26 
INTENSITIES AT DIFFERENT TEMPERATURES 
SHOULD NOT BE COMPARED, AS 




MUUJTE II IMULLITE 
SLUMANITE 
Figure 9. Diffraction Patterns of Sillimanite-Mullite Growth from 
Poorly nb/3-Crystallized Kaolin (lO ev). 
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broadened if crystallite size is small enough to reduce the amount 
of destructive interference of the diffracted beams at angles near the 
exact Bragg angle. The breadth decreases as the crystal becomes larger 
(the number of parallel lattice planes in the crystal increases) due to 
a greater tendency for complete interference at angles near the Bragg l 
angles. 
Measurements of the integrated resolved (estimated) mullite peak [ 
breadth were made of each sample. The average integral breadth of the 
observed peaks was 1.8°(20). The breadth decreased approximately 0.1° t 
(2G) as time increased to the point of approximately constant growth 
rate. There was a generally consistent decrease in the breadth of ap-
proximately 0.05° 20 as the temperature was raised from llOO^C to 1200°C 
for all radiation doses. The standard deviation of the breadth measure-
ments were 5 per cent as discussed in Appendix B. Thus the change in 
breadth was within the range of experimental error in breadth determina-
tion. If real, these breadth changes indicated possible strain relief_, 
increase in crystallite size, or combinations of both. 
Electron Microscopy 
Samples of each kaolinite were heated during a 20-hour cycle to 
1200°C in a 15OO watt Paragon kiln (model T-T). 
The fired samples were examined by an electron microscope, utili-
zing standard preshadowed platinium replica techniques. The presence 
of mullite in these samples was indicated by X-ray diffraction. 
The particle surfaces in Figs. IIA and B (poorly nb/3-crystallized 
kaolinite--unirradiated and lO-'-̂ ev, respectively) show some deformation 
of the particle edges and the presence of rounded nodules, which are pre-
31 
sumed to be mullite in the initial formation stages. The nodules of 
the unirradiated sample are larger, but in less abundance than those of 
the low dosage irradiated one. The detail of Fig. IIC is insufficient 
to reveal any reaction products. The specimens of Fig. 12 (medium 
nb/3-crystallized kaolinite) show larger^ more well-defined needles 
than those of the previous figure, and greater boundary decay (par-
ticularly in Fig. 12 A and B ) . The needles are seen in random orien-
tation. The micrograph features of the well nb/3-crystallized sample 
of Fig. 13 are essentially the same as those of Fig. 12. No quantita-
tive results were deduced from the micrographs because of a lack of 

































































DISCUSSION OF RESULTS 
Kaolinite Radiation Damage 
nb/3-Crystallinity Variations 
Exposure of kaolinite to O.Gj mev gamma-rays produced observable 
radiation damage. The nb/3-crystallinity of the three kaolinite samples 
apparently improved for radiation doses through approximately 10 -̂ ev/gm 
(at which time the crystallinity index reached a maximum value), and 
declined progressively for larger doses. The changes are shown in Fig. 
7 and Table 3. Investigations of the (002)/(060) ratio of the reflection 
intensities indicated that the apparent nb/3-crystallinity increase was 
not caused by Gitterstorung (static ion displacement) reduction of the 
(060) reflection intensity. A considerable portion of the nb/3-crystal-
linity improvement lay within the range of experimental error (5 per 
cent, Appendix B ) . 
nb/3-Crystallinity improvement might be produced by either, or 
both, of the following mechanisms: (a) migration of impurity ions 
located in substitutional or interstitial positions, and (b) radiation 
annealing of crystal disorders which existed prior to irradiation (21). 
These suppositions would also account for the fact that the poorly nb/3-
crystallized clays showed the greater improvement in their crystallinity 
index, as would be expected from clays containing more impurities or 
disorders. 
36 
, The crystallinity improvement was probably real, as both the 
amount of reaction products formed and the relative growth rates varied 
in direct relation to the observed crystallinity. 
X-ray fluorescence analysis showed no change in the impurity 
content due to irradiation. This does not mean, however, that the gamma-
rays did not cause impurity migration. 
Damage Mechanisms 
Two possible damaging mechanisms that may result in alteration of 
the crystallinity index include nb/3 shifting of the individual sheets 
and random movement of the Al ions among the possible Al sites in the 
lattice. The random Al ion movement is more likely because of the lower 
energy requirement for the movement of the small Al ions (O.5O A radius;, 
and the general nature of the Al lattice sites (only two-thirds filled). 
The methods utilized in this work do not give sufficient evidence 
to distinguish between the two mechanisms. The probable mechanism, 
however^ proceeds as described below. 
As gamma-rays pass through a kaolinite crystal they interact with 
the atomic electrons to produce Compton electrons. The Compto^'elec-
trons are of sufficient energy to displace ions indiscrimiriately (chiefly 
Si andxAl due to their small size and atomic number) upon collision. The 
displaced ions would tend to settle in energetically stable positions . 
Such positions would include their original sites, similar vacant sites, 
substitutional sites, or some interstitial sites. The Al'ions have 
little trouble in finding a stable site, since their possible sites are 
only two-thirds filled initially. A few silicon ions may move into Al 
sites, though this is unlikely, as the respective sites are in different 
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layers. 
It is expected that the Si displacements anneal much more rapidly 
than do those of the Al. This is because the Al ions are generally 
stable in any of their possible sites, one-third of which are different 
from their initial ones. Thus, diffraction examinations for radiation 
damage show principally the effect of the Al ion displacement or, in 
effect, nb/3-crystallinity index variations (as shown in Figs. 3 and k). 
This also accounts for the fact that no nb/3-crystallinity improvement 
was noted for samples annealed at 60°C. 
A careful differential thermal analysis using an unirradiated 
kaolinite standard versus irradiated kaolinite might help distinguish 
between the damaging mechanisms. 
Mullite Formation Kinetics I 
General Considerations I 
I 
I 
The formation of mullite from kaolinite is probably not a simple I 
I 
I 
exponential function in its early stages, though such is superficially f 
suggested from the curves of Fig. 10. Plots (not shown) of log M (amount ; 
remaining to be reacted) vs. t (time at temperature) did not result in 
straight lines as would have been the case had mullite growth been a 
simple process. In view of the number of phase transformations involved, 
the non-linearity of the log M vs. t plots was to be expected. It was 
this non-linearity which suggested the use of a computer for determina-
tion of the growth constants. It may be possible to determine activation 
energy of mullite formation from plots of log M vs. log t, though such 
was not attempted. 
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nb/S-Crystallinity Effect on Mullite Formation 
The use of gamma-radiation provides a particularly attractive 
method for determining the effect of kaolinite "crystallinity" on mullite 
formation, because it permits the elimination of essentially all of the 
variables except nb/3-crystallinity.-^ 
The following changes in mullite growth were common to the three 
types of kaolinite: (l) the slight increases in the amount and rate of 
mullite growth with apparent improvement of the nb/3-crystallinity index 
for irradiation dosages less than 10 -̂ ^̂ ev/gm, and (2) the decrease in 
amount and rate of mullite growth accompanied by the decrease in nb/3-
crystallinity index for irradiation doses greater than approximately 
lO^^ev/ gm. These effects are shown in Fig. 10 A, B, and C. 
Correlation of these results with Brindley, Nakahira (22), and 
Comer: (23) indicates that the preferred mullite growth mechanism involves 
an energetically favored relationship, based on the orderly preserva-
tion of alumina chains throughout the phases succeeding kaolinite. In 
the absence of such a relationship, one might expect the poorly crys-
tallized material to transform most readily, as the free energy of the 
disturbed lattice would be expected to be larger than that of the un-
disturbed lattice. 
The orientation information appears to be propagated from the 
initial kaolinite crystals in an epitaxial relationship through three 
intermediate phases (metakaolin, spinel phase, and sillimanite) to the 
"̂  The other variables are held effectively constant with the 
exception of particle size which may become significant for the highest 
radiation doses. 
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mullite phase. The transformation is probably in accordance with the 
Brindley-Nakahira mechanism {2k), which is based on maintenance of an 
orderly arrangement of alumina octahedra throughout the several phase 
transformations. For this model additional thermal energy would be 
required to allow the disarranged alumina octahedra to re-order in the 
mullite phase positions, an order they would have had anyway if the origi-
nal kaolinite had not been disordered. The observed correlation of 
mullite formation with nb/3-crystallinity index (within a series of 
samples of a given clay) is therefore explained by the Brindley-Nakahira 
mechanism. 
Comer (25) has strongly corroborated the Brindley-Nakahira 
mechanism by showing that the spinel phase is preferentially oriented 
in the manner predicted by this mechanism. Comer also notes that the 
o 
spinel phase crystallite sizes all seemed to be in the range 75 A to 
125 A. Comer's electron micrograph studies (26) of preferred mullite 
gro'wth (from kaolinite of varying crystallinity) indicate that mullite 
orientation is associated with the ordered positions of the Al ions. 
Preferred mullite growth from a well nb/3-crystallized kaolinite oc-
curred in three directions (l20° apart), as would be expected if the Al 
ions were properly located in their pseudo-hexagonal positions. Reduced 
nb/3-crystallinity appeared to hinder the mullite chain formation, re-
sulting in random directional growth. 
The electron micrographs (Fig. II-13) showed little if any mullite 
preferred orientation. However, they do support the suggestion of an 
epitaxial mechanism, as less or no mullite was seen on the samples of 
the poorly nb/3-crystallized kaolinite. 
ko 
Effects of Variables 
Behavioral differences among the three clays may be related 
primarily to the nature of the clay impurities and to the manner of their 
incorporation. It is presumed that the larger content of catalytic iron 
(27) of the "medium crystallized" kaolinite caused this clay to yield 
more mullite (in some cases) than did the "well crystallized" kaolin. 
Such would be predicted if the iron were to enter preferentially at the 
"nearly equivalent" and ideally vacant Al sites in the crystal. This 
specially placed iron would both enhance the (060) and diminish the 
(021) intensities, effectively lowering the nb/3-crystallinity index. 
By its presence; the iron might be expected to add to the lattice energy, 
thus helping to activate nucleation centers without having any particular 
effect toward raising the activation energy of any of them. 
Other differences in behavior may be attributed to grain size 
distribution (Appendix A) and to crystal imperfections other than nb/3-
crystallinity. The latter are implied by possible preferential reduction 
of the (060) intensity by general lattice distortion and observed changes 
(slight) in the ratio of the (00l)/(002) reflection intensities, which 
indicate ionic rearrangement. 
The results suggest that two competing radiation damage effects 
require identification: (l) energy stored in the lattice is available 
to enhance nucleation and growth, and (2) the formation of particular 
point defects, especially those consisting of movement of the Al ions 
into nearly equivalent sites, disrupts the orderly arrangement of alumina 
octahedra and thereby inhibits mullite formation. 
It has not been established here whether the nb/3 shifting of 
kl 
Al ions (presumed measured by the nb/3-crystallinity index) is actually 
the most important process of nucleation-center destruction or merely 
correlates with it. In either event, it would be expected that the num-
ber of nuclei of "normal activation energy" would decrease with increas-
ing radiation and that the observed correlations of inhibited mullite 
formation and decreased nb/3-crystallinity with heavy irradiation, and 
with each other, would be found. 
Since the differences among the various mullite formation curves 
occur in the first few minutes "at temperature," it appears that the 
differences brought about either by irradiation or by initial nb/3-
crystallinity variations are primarily differences in nucleation. This 
would be expected if the number of nucleation centers are not materially 
affected by low radiation dosages and that the additional lattice energy 
thereby provided more than compensates for any reduction in the number 
of centers. 
Silica Growth 
Silica is a by-product of the kaolinite-mullite transformation. 
The silica crystallizes initially as tridymite^ but converts to cris-
tobalite with prolonged heating (above 925°C). The observed tridymite 
peak was broad, relatively low in intensity, and increased little with 
time. There were some indications of its conversion to cristobalite, 
though the main X-ray reflection was very diffuse and poorly defined. 
Measurements of the extent and character of the silica liberation were 
limited to a small number of samples and discontinued because of the lack 




1. Exposure of kaolinite to O.67 mev gamma-rays induces ob-
servable changes in the nb/3-crystallinity index. Radiation doses less 
than about 10 -̂ ev/gm apparently improve the nb/3-crystallinityj radiation 
damage from higher doses lowers the nb/3-crystallinity. 
2. The nature of the radiation damage is two-fold: (l) dis-
ruption of the row of Al ions; shown by nb/3-crystallinity changes, 
and (2) general increase in the lattice energy, presumably by formation 
of point defects involving all kinds of atoms present. 
3. The irradiation method of inducing nb/3-crystallinity changes 
allowed a clear demonstration of the direct dependence of mullite forma-
tion kinetics on nb/3-crystallinity. This is unambiguously shown because 
the other variables affecting mullite growth are not affected by the 
irradiation changes. 
k-. Light irradiation (up to about 10 -̂ ev/gm as measured by fer-
rous ion dosemetry) probably enhances mullite formation in most cases^ 
and never inhibits it. 
5. Eea'Vj irradiation (doses greater than about 10 -̂ ev/gm) in-
hibits mullite formation. 
6. The decrease in both the mullite reaction rate and the quantity 
formed with decreasing nb/3-crystallinity or increased disordering of the 
Al ions provides strong evidence that an epitaxial growth of mullite, 




GRAIN SIZE DISTRIBUTION OF KAOLINITE SPECIMENS 
The grain size distribution of the original kaolinite samples 
was determined with the aid of a Coulter counter (Coulter Industrial 
Sales, Chicago, Illinois), by Messrs„ W. J. Corbett and J, H. Burson 
of the Chemical Engineering Department, Georgia Institute of Technology„ 
This device determined the quantity of various particle sizes suspended 
in an electrically conductive fluid. Test results are shown graphically 
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APPENDIX B 
CALCULATION OF ERRORS 
General Error Determinations 
An important feature of this investigation is a knowledge of the 
errors involved. Such errors are usually expressed in per cent standard 
deviation (a), which is calculated as follows: 
/• N-1 °  X ^°^ 
where x = Observed or calculated value of Mt or Crystallinity Index 
X = Mean value of Mt and/or Crystallinity Index. 
N = Number of samples examined. 
Mt= Per cent mullite present at time t (eq. 5) 
In the case of the crystallinity determinations is based on the 
reproducibility in the (02l)/(o6o) measurements from seven unirradiated 
Degritted Crude samples under conditions previously described, plus 
measurements from three samples of each of the other unirradiated clays 
(N = 13). The value of cr was found to be 5 per cent. 
Mullite growth was reproduced in independent experiments for five 
samples of a given kaolin at each temperature. From these samples the 
standard deviation of the mullite content was calculated for each tempera-
ture from equation (6). Deviation values are shown in Tables ^D, 5D, and 
6D. The average deviation (for the three temperatures involved) was 5 
per cent in the early stages of firing and 3 per cent in the final stages 
k6 
Because complete and independent heating experiments were performed, 
these cf values included errors due to sample packing, heating, and align-
ment in the X-ray beam. The standard deviation of the peak breadths was 
obtained from the same investigation, and was found to be 5 per cent. 
Temperature Measurement Errors 
The errors of precision (as opposed to accuracy) in the tempera-
tures were due to the following causes: (l) placement of the thermo-
couple with respect to the sample, (2) change in the thermocouple cali-
bration with time at temperature, (3) inaccuracies in reading the po-
tentiometer, and (h) errors in reading the thermocouple emf. 
The temperature was observed for a small area occupying the center 
of the sample. Small displacements of the thermocouple from the ideal 
position above the sample center gave different temperature measurements 
for this area. Such displacements, coupled with the same thermal gradi-
ent (8 c/cm) gave a maximum error of - 10 C. However, the actual error 
was probably less. 
Prolonged exposure of the thermocouple to high temperatures may 
have altered the calibration of the thermocouple slightly. New thermo-
couples were installed and calibrated after approximately 50 hours usage 
to remedy any such changes. 
hi 
APPENDIX C 
MULLITE GROWTH DATA 
The following data were collected from high temperature X-ray 
diffractometer examinations. 
An explanation of the symbols used is as follows: 
I-̂  = Integrated intensity of sample mullite reflection at time t. 
Units = in^ x 100 
M^ = Per cent mullite present at time t (see page 24). 
Mullite Standard Intensity is the integrated intensity of the (210) 
reflection of the "pure" mullite sample used as a standard. This 
intensity was determined concurrently with each specimen evaluation. 
Units = in^ x 100 
Final Peak Intensity is the integrated intensity of final reflection, 
observed after sample had cooled to room temperature. 
Peak Height is measured in inches. 
^o = (it/pssk height) X .005 (20) per inch, and is the integral 
breadth in degrees 20. 
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ATTEMPTS TO DETERMINE THE MJLLITE ACTIVATION ENERGY 
Attempts were made to determine the mullite activation energy by 
both the graphical method and computer programming of the decay product 
equation (third order). Both attempts were unsuccessful. 
In the graphical method the specific rate constant "k^" of mul-
lite formation was determined by 
kc = (l/M)(dM/dt) (T) 
where M = Mf = Mt (remaining amount of mullite to be formed). 
M^ = Final amount of mullite. 
M^ = Amount of mullite at time t. 
The mullite activation energy may be found by the Arrhenius equation. 
k^ = R e-E/BT (8) 
where k̂  = Specific rate constant. 
R = Constant for particular process. 
E = Activation energy. 
-1 ̂  
B = Boltzman's constant (I.38 x 10 ergs/°K/molecule). 
T = Absolute temperature (°K). 
Ordinarily the values of "kc" would be determined from the slope of 
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semilog plots of (M) versus time. In this case the values of (M) ob-
tained from the diffraction pattern included varying quantities of both 
mullite and sillimanite. The amount of each phase present could not be 
resolved for plotting. 
Computer programming of the third order Bateman equation (28) was 
considered as a possible method of determining the sillimanite and mul-
lite growth rate constants and activation energies. The general Bateman 
equation applies to phase changes of the type Phase A > Phase B- ' > 
. . . Phase N, and is as follows: 
Ij, = A.̂ Cĥ e-'̂ A* + hje-^Bt H- . . . h^e-^* * bj^'^^^) (9) 
Where I]\[ = Amount of phase N accumulated (as observed from the 
diffractometer pattern in this case). 
AQ - Amount of phase A (original phase) present at time t = 0. 
k^ = Growth rate constant of phase B. Phase B may be classed as 
a first order or daughter product. 
kg = Growth rate constant of phase C. Phase C may be classed as 
a second order or granddaughter product. 
k]y[ = Growth rate constant of phase N. 
k]^ = Decay rate constant of phase N. If phase N is stable, 
% = 0. 
ĉ - kA kB - kA 
Â ^B 
^B = ^I^^ ^^^^ 
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•^A •'^B •'^C •'^M 
% = ^k^ - % ^ k̂g - k^) ^kc - k]̂ ) • • • ̂ k^ - kjj) 
In the kaolinite-mullite transformation series the formation of 
the spinel phase is analogous to the formation of Phase B, sillimanite 
to the formation of Phase C, and mullite to Phase D. Since the silli-
manite and mullite reflections could not "be resolved, the third order 
(great granddaughter) product equation was modified to reflect the quan-
tities of both phases present. 
k k - Wk -k t k k - Wk -k t 
(C+Dj ^k^ _ kg^ k̂c - k^ k̂g - k̂ ^ k̂c - kg ̂  
^ ^A ̂ B ^ ̂  - ̂ ) ^-^C^ ̂  ̂  
•̂  (k^ - kc)(kc - kg)^ 
where 1(Q+J)) = Intensity of unresolved sillimanite plus mullite peak at 
time "t", as observed from a diffractometer pattern. 
K = Overall scaling constant. 
W = Ic/i > where IQ is the integrated intensity of the main 
sillimanite reflection; Iĵ  is the integrated intensity of 
the main mullite reflection; these intensity values are 
those obtained from "pure" samples of each. 
This equation was coupled with equation 8 for programming purposes. T?wo 
separate computer programs were used in an attempt to adjust the param-
eters of equation 10 to obtain a fit to observed data. 
In the first program a least squares fit of equation (lO) to the 
observations (including standard deviation of the fit) was attempted. 
The General Least Squares program of Busing and Levy (29) was utilized 
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for this purpose; adaptions for use with the experimental data were pro-
posed by Dr. M. Kay, of the Georgia Institute of Technology Experiment 
Station. Initially the derivatives needed for the program wer>e deter-
mined manually by Dr. Kay. After nonsensical computer solutions were 
obtained with this approach, the derivatives were calculated analytical-
ly by the program subroutine. The program was evaluated both with and 
without an observation weighting factor. Seven cycles of refinement 
were intended for convergence to a final solution. Results usually 
became nonsensical on the second or third cycle. This failure was 
probably due to inadequate experimental precision. 
For use in the second program, specially written by D. J. Parrish 
of the Lockheed-Georgia Company, equation (10) was simplified to the 
following form: 
(C+D) = ̂  ^̂ A® ^^^ "̂  ̂B® ^^^ "̂  ̂C® ^^^ + ! ) • (11) 
Evaluating this equation at t = 0 we find K = -(L^ + Lg + L Q ) . 
Therefore equation 11 can be simplified: 
1(C+D) = ̂ ^"^^^ + ^^'^^^ + "^"^^^ (12) 
Four values within a wide arbitrary range were then selected for 
each variable. By testing all, the program selected that combination 
of values which minimized the function 
I |f(t) - I(c+D)(^H (13) 
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where f ( t ) was the f i t t ed value, Icpj-n^C't) was the observed value (data) 
within the range specified. With each cycle the program proposed a new 
selection of values in a smaller range for each variable and again mini-
mized the function within the choices available o In general the act iva-
t ion energies obtained were not r e a l i s t i c and many were nonsensical ( e . 
g . , negat ive) . The poor resu l t s were probably due to inadequately broad 
i n i t i a l ranges and unresolved program e r ro r s . 
All program computations were made on the Lockheed-Georgia 
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